In Australian freshwaters, Anabaena circinalis, Microcystis spp. and Cylindrospermopsis raciborskii are the dominant toxic cyanobacteria. Many of these surface waters are used as drinking water resources. Therefore, the National Health and Medical Research Council of Australia set a guideline for MC-LR toxicity equivalents of 1.3 mg/l drinking water. However, due to lack of adequate data, no guideline values for paralytic shellfish poisons (PSPs) (e.g. saxitoxins) or cylindrospermopsin (CYN) have been set. In this spot check, the concentration of microcystins (MCs), PSPs and CYN were determined by ADDA-ELISA, cPPA, HPLC-DAD and/or HPLC-MS/MS, respectively, in two water treatment plants in Queensland/Australia and compared to phytoplankton data collected by Queensland Health, Brisbane. Depending on the predominant cyanobacterial species in a bloom, concentrations of up to 8.0, 17.0 and 1.3 mg/l were found for MCs, PSPs and CYN, respectively. However, only traces (,1.0 mg/l) of these toxins were detected in final water (final product of the drinking water treatment plant) and tap water (household sample). Despite the low concentrations of toxins detected in drinking water, a further reduction of cyanobacterial toxins is recommended to guarantee public safety. q
Introduction
The presence of toxic cyanobacterial blooms in water bodies used either as drinking water or for recreational purposes may present serious health risks for the human population. Safe drinking water is one of the most critical factors to guarantee long-term population health. In Australia about 70% of drinking water comes from surface waters. Due to climatic conditions in many parts of this continent as well as due to the nutrient load from agriculture, the phytoplankton of reservoirs, lakes and rivers is often predominated by cyanobacteria (blue-green algae). For example, the 1000 km bloom of the Darling-Barwon river in 1991 caused a loss of one million people-days of drinking water (Herath, 1995) . Water conservation and management is therefore a critical national issue in Australia. Water treatment plants not only have to reduce cyanobacterial cells, odour and colour during the water treatment process, they also have to eliminate the toxins produced by cyanobacteria. Cyanobacteria synthesize a variety of toxins, usually defined by their chemical structure, that fall into three groups: cyclic peptides (e.g. the hepatotoxic microcystins ( www.elsevier.com/locate/toxicon (NODs)), alkaloids (e.g. the neurotoxic paralytic shellfish poisons (PSPs) and anatoxins), and lipopolysaccharides (LPS). The cyclic peptide toxins are the most widespread freshwater cyanobacterial toxins and are therefore very important regarding treatment of drinking water. Acute intoxications with MCs (heptamer) or NODs (pentamer) result in fulminant liver damage (Runnegar et al., 1988) . MCs and NODs are suspected and proven tumour promoters in humans and rodents (Fujiki and Suganuma, 1999) , respectively. Concerns over these health risks have prompted the World Health Organization (WHO) to adopt a provisional guideline value for MC-LR (L for leucine and R for arginine) of 1.0 mg/l drinking water (WHO, 1998) .
The National Health and Medical Research Council of Australia have set the guideline slightly higher to 1.3 mg/l (NHMRZ/ARMCANZ, 2001) but based on all MC-congeners as MC-LR equivalents. The basis for these guideline values is the study from Fawell et al. (1994) . Additionally, Fitzgerald et al. (1999) proposed the publication of a health alert if the concentration of 10 mg MCs/l drinking water is reached for even a brief period. Due to the lack of reliable data, no guideline value is set yet for concentrations of NODs, CYNs or PSPs in drinking water. Acute intoxication of mice with extract of Cylindrospermopsis raciborskii causes massive hepatocyte necrosis. Injuries in kidney, lungs and intestine have also been seen (Hawkins et al., 1985) . Genotoxic activity is caused by the ability of CYN to induce strand breaks at the DNA level and loss of whole chromosomes (Humpage et al., 2000) . Beside the capacity of CYN to suppress glutathione and protein synthesis, probably by inhibiting ribosomal translation (Froscio et al., 2001) , other mechanisms of actions have been assumed as an explanation for the severe liver injuries followed by CYN intoxication, although no protein phosphatase inhibition could be found (Runnegar et al., 1995; Chong et al., 2002) . PSPs are potent blockers of voltage-dependent sodium-channels and therefore restrict transmission between neurons. In contrast to the only PSPproducing Australian strains, European and American strains of Anabaena circinalis appear to exclusively synthesize anatoxins (Beltran and Neilan, 2000) . In general, the genus Anabaena can produce MCs, PSPs and anatoxin-a with toxin contents of 2 mg/g dry weight (DW) for MCs (Rapala and Sivonen, 1998) , 4.4 mg/g DW for PSPs (Velzeboer et al., 2000) and a remarkable 28 mg/g DW for anatoxin-a (Rapala and Sivonen, 1998) . Australia has a documented history of mortalities of livestock (Francis, 1878; Newcombe et al., 2001 ) and human health impacts (Byth, 1980; Falconer et al., 1983) . In order to minimize the risk of cyanotoxic contamination of drinking water, the development of methods to effectively reduce toxin concentrations to below acceptable levels in drinking water has thus become an important focus of current research efforts. The two water treatment plants investigated in this study use a similar treatment process to purify the raw water: flocculation with aluminium sulphate, optional addition of powdered activated carbon (PAC), sedimentation, sand filtration and chlorination before storage. The efficiency of these methods to remove cyanobacterial cells and toxins are controversially discussed in the literature and appear strongly dependent on the following factors (Vlaski et al., 1996; Hitzfeld et al., 2000; Hoeger et al., 2002) : cyanobacterial species and density, additional organic load, concentration and type of flocculent and activated carbon, pH during flocculation and chlorination and maintenance of the treatment system especially of the filter bed (backwashing, etc.). For the investigation presented here, two water treatment plants were selected that obtain their raw water from surface waters regularly contaminated with toxic cyanobacteria. MCs as well as CYN and different PSPs were detected in raw water of these water treatment plants. Spot checks of efficiency of the water treatment process were compared to literature data and to the phytoplankton situation in these two water reservoirs during 2000/2001.
Materials and methods

Characteristics of the water treatment plants chosen
The two investigated water treatment plants are located in Queensland/Australia and take their raw water from water reservoirs ( Table 1) . Water samples were taken from the raw water intake in the dam. They were fixed with lugol's iodine 7 ml/l of sample. If necessary the sample was concentrated 10 times by sedimentation in a measuring cylinder. This concentrated sample was then mixed by inverting 20 times and 1 ml transferred to a Sedgewick-Rafter counting cell. A minimum of 23 units (trichomes/colonies) of each alga was counted, and a minimum three squares in the chamber. Cells per colony were counted (or estimated for Microcystis aeruginosa) for each colony.
Sample preparation
An overview of the different sample preparations and detection methods used is shown in Table 2 . Samples for the spot check investigation were taken at each stage from raw water to final water. The aqueous samples were stored below 10 8C for a maximum of 48 h until they are filtered through Millex-GN (Millipore)-filter to separate cell-bound from free toxin. The filter and filtered water were stored at 2 20 8C until toxin extraction and concentration. The cell-bound toxin was extracted by tearing the filter into small pieces, addition of 1.5 ml of 75% methanol (MeOH) in a 2.0 ml reaction vessel, sonication for 20 min (cooled water bath) and shaking for 30 min. The methanol/sonication/shaking steps were repeated twice, the supernatants were sampled, combined, dried under nitrogen and redissolved with 10 ml H 2 O. For clean-up, C 18 solid phase extraction columns (ICT Isolute C 18 EC, 1 g/6 ml) were conditioned with 6 ml MeOH, washed with 6 ml H 2 O, loaded with sample, washed with 6 ml H 2 O and the toxins were eluted with 12 ml 100% MeOH. After drying, pellets were finally dissolved in 2 ml 50% MeOH. The toxins in the filtered water (500 ml) were also concentrated by C 18 SPE. Cyanobacterial bloom material was freeze dried and stored at 2 20 8C. For analysis, 100 mg DW of each sample was extracted with 10 ml 75% MeOH, sonicated and shaken. This procedure was repeated twice and the supernatants collected.
CYN þ MCs at WTP 2 (sample preparation No. 2)
Free CYN (for HPLC -MS/MS) and MCs (for ELISA, PPA, HPLC-DAD) were isolated via C 18 carbograph SPE columns SC-103 by washing the column with 10 ml H 2 O followed by 100 ml of the sample (CYN), 6 ml of 10% MeOH and 6 ml of 100% MeOH (MCs). Due to the low detection limit, the CYN fraction could be directly analysed by HPLC -MS/MS, whereas the 10% MeOH fraction was freeze dried and the 100% MeOH fraction dried under nitrogen. Both samples were resolved in 1 ml H 2 O. The filters were extracted twice with 1.5 ml 100% MeOH and once with 1.5 ml 75% MeOH. Sonication and shaking steps followed by centrifugation were included. The supernatants were combined, dried under nitrogen and redissolved in 1.8 ml H 2 O.
Sample preparation for the weekly samples at Queensland Health Scientific Services (sample preparation No. 3)
In contrast to the preparation presented above, weekly samples from WTP 1 were sonicated to disrupt any cells and subsequently filtered. MCs and PSPs were analysed by HPLC-DAD or HPLC-FD (fluorescence detector), respectively. For MC detection via HPLC 25 ml of the sonicated and filtered (0.45 mm), solution were pumped through a C 18 cartridge (Alltima C 18 7.5 £ 4.6 mm 2 , guard column) to concentrate the MCs. The cartridge was then switched into the analytical HPLC system.
Determination and quantification of the toxins
Microcystins
The colorimetric protein phosphatase assay (cPPA) was performed as described by Heresztyn and Nicholson (2001) using the protein phosphatase 1 (PP1) instead of PP2a with MC-LR (Alexis, Switzerland) as a standard. The PPAinhibiting capacity of the samples was compared to a MC-LR standard-curve and expressed as MC-LR equivalents. The detection range (20 -80% inhibition of PP1) of the colorimetric PPA used is 0.9-3.2 mg MC-LR/l with a derived IC 50 of 1.7 mg MC-LR/l. As a structural biological test system, an ADDA-ELISA established by Fischer et al. (2001) was used. The limits of quantitation and detection of the ELISA were 0.2 and 0.05 mg/l, respectively. For HPLC analysis, samples were analysed, based on the method of Lawton et al. (1994) . MCs were identified by their characteristic UV spectra using a diode array detector. Quantitation was performed by comparing the areas of the MC peaks identified in the sample to the area of a standard MC-LR of known concentration. Including preconcentration, a detection limit of 0.2 mg/l for individual MCs was achievable.
Paralytic shellfish poisons
Samples were analysed by HPLC according to the method described by Lawrence et al. (1995) . PSPs were oxidised using hydrogen peroxide and analysed using a Shimadzu LC-10ADVp HPLC system with a Shimadzu RF-10AXL fluorescence detector set at an extinction wavelength of 330 nm and an emission wavelength of 390 nm. PSPs were identified and quantified by comparison to standards obtained from National Research Council, Canada. Detection limits vary for individual PSPs, however, a detection limit for PSPs of 0.5 mg/l is achievable.
Cylindrospermopsin
CYN was determined by HPLC -MS/MS using a PE/Sciex API 300 mass spectrometer equipped with a turbo-ionspray interface, coupled to a Perkin Elmer series 200 HPLC system (Eaglesham et al., 1999) . Quantification of CYN was achieved using the 416.2/194.1 transition with other transitions monitored as confirmation ions. Using a 150 ml injection volume the limit of detection using this method is typically less than 0.2 mg/l and response was linear up to at least 1000 mg/l.
Results
Phytoplankton and toxin concentrations at WTP 1 monitored over a three-years period
At WTP 1, extremely high cyanobacterial cell numbers occur in raw water almost continually, M. aeruginosa and A. circinalis being the predominant species (Table 1) . A pattern of predominance of these cyanobacterial species in different seasons over the 3 years period is clearly recognizable (partly shown in Fig. 1a-c) . Every year in February and March M. aeruginosa and A. circinalis disappeared from raw water and Planktothrix sp. occurred for a short period (Fig. 1b) . In 2000 and 2001 M. aeruginosa blooms developed after the February/March period. Between July and September 1999 and 2001, A. circinalis was able to form blooms with high concentrations of PSPs, whereas no bloom occurred during the colder period 1999. In contrast, the year 2000 was predominated by M. aeruginosa without shift to Anabaena (partly shown in Fig. 1b) . M. aeruginosa and Australian strains of A. circinalis are known producers of MCs and PSPs, respectively. However, MC concentrations correlated poorly with the cell counts of M. aeruginosa ðR 2 ¼ 0:19Þ; even without data from 05/2000 to 03/2001, when no MC could be detected, although a M. aeruginosa strain had dominated the phytoplankton with densities of up to 2.2 £ 10 6 cells/ml over this period (data not shown). MC concentrations were highest at the beginning and the end of a M. aeruginosa dominated period with up to 8.0 mg/l, determined by HPLC-DAD. At two time periods (22/02-08/05/2000 and 10/4-14/08/2001) MCs could be found in raw water over months (Fig. 1b and c) . A. circinalis occurred in densities up to 3.25 £ 10 5 cells/ml (Table 3 , Fig. 1c ) with R 2 ¼ 0:51 for the PSP concentrations plotted versus A. circinalis densities over the 3 years period. The concentration of PSPs correlated to A. circinalis abundance with an estimated toxin concentration of 0.12 pg PSP/cell. In 23.3 and 22.7% of the weekly raw water samples MCs and PSPs could be detected, respectively. At least, one of theses two toxin families could be determined in 36% of the samples. In 2 of 52 final water samples traces of PSPs (below 0.5 mg/l) were found, but no MCs were detectable. No toxin reached the tap water in detectable concentrations.
Elimination of cyanobacterial cells during a 46-week period at WTP 1
During the investigated period (11/2000 -09/2001) cyanobacterial densities reached 1.26 £ 10 6 cells/ml in raw water (M. aeruginosa). On average, the water treatment plant had to eliminate 3.7 £ 10 5 cyanobacterial cells/ml from the raw water (Table 3) . In final and tap water, the cell densities were reduced by .99% (Fig. 2) . Table 3 shows in detail the cell counts for total cyanobacteria and for the predominant cyanobacterial species in raw water at this water treatment plant. On average, only 0.04% of the A. circinalis cells found in raw water were still present in final and tap water. In contrast, 0.76 and 0.55% of M. aeruginosa cells occurred in final and tap water, respectively. Of note are large standard deviations in these cases as indication for a high variation in elimination of Microcystis cells. Not included in Fig. 2 are data from 20/02/2001 to 27/ 03/2001 with low cell counts in raw water, but still high cell numbers in final water tanks (from the preceding period with higher cell densities).
Reduction of cyanobacterial cell numbers
During a period of high cell densities of M. aeruginosa and A. circinalis between 05/06/2001 and 01/08/2001 the efficiencies of flocculation ðn ¼ 15Þ and of filtration ðn ¼ 5Þ were investigated in detail. Cells were reduced by 99% through flocculation/sedimentation without differences between the cyanobacterial species (data not shown). However, due to high cell counts in raw water, up to 12,400 cells/ml were still present after this first treatment step. In contrast, the efficiency of sand filtration for the removal of A. circinalis (99%) was higher than for M. aeruginosa (84.8%). In summary, these investigations demonstrated an efficiency of . 99.9% for flocculation combined with sand filtration for elimination of cyanobacterial cells. Nevertheless, highest cell counts during the 3 years monitoring program were more than 2 £ 10 6 cells/ml in raw water. Even a reduction by 99.9% result in . 2000 cells/ml in final water. In fact, even cell densities of . 3000 cells/ml were found seven times in final water during the 46-week period presented above.
Reduction of cyanobacterial toxins
Two spot checks were taken at time points with high cell numbers of M. aeruginosa and A. circinalis to investigate the toxin concentrations during the treatment train (Table 4) . As shown in Table 4 , the excellent efficiency for removing cyanobacterial cells from the raw water (.99%) did not automatically lead to an acceptable elimination of the produced toxins. MC elimination varied between the two spot checks. However, these differences were minor, if the standard deviations were taken into account. The standard deviations were the result of a triple determination of the MC concentrations by HPLC-DAD, ELISA and PPA. However, except for the MC detection after sand filtration (ASF) on 01/08/2001, the results of these three detection methods were in the same range. Nevertheless, on average these two spot checks demonstrated elimination rates of below 40% for flocculation and below 60% for combined flocculation and filtration. The proportion of extra cellular (free) toxin increased from 17.5% in raw to 97.9% after flocculation and filtration. The high concentration of free toxin in raw water 02/08/2001 could be explained by a collapsing M. aeruginosa bloom at this time point and therefore an increasing lysis of cyanobacterial cells, which may also explain the lower elimination of MCs by flocculation. In addition, freeze-dried material of the surface bloom from 01/08/2001 was analysed and found to contain 67 mg MC/g DW, whereas in sludge after flocculation only 5 mg MC/g DW were detectable, obviously a result of cell lysis during and after flocculation or from degradation processes. The detected concentrations of PSPs were below 100 ng/l in the investigated samples. The extraction procedure of the samples was optimised for MCs and not for PSPs, so only a small part of the PSPs could be detected. Parallel investigations of Queensland Health Scientific Services (QHSS) with optimised sample preparation for PSPs demonstrated concentrations of 15 and 17 mg/l in raw water at 01/08 and 22/08/01, respectively (Fig. 1c) . Nevertheless, the results pointed to insufficient elimination of PSPs of ,40% after flocculation and ,60% after flocculation and filtration. 
WTP 2
In the drinking water dam of WTP 2, C. raciborskii is the dominant species (Table 1) . The efficiency to eliminate CYN from raw water is shown in Fig. 3 . The concentration of CYN in raw water of 1.17 mg/l was reduced by flocculation to 0.63 mg/l (46%), and by filtration and chlorination to below the detection limit of 0.2 mg/l (100%). In raw water 20.5% of CYN was dissolved, whereas 38.1% of the toxins were released from cells after flocculation. No MCs were detectable in these samples.
Discussion
Both predominant species occurring in the raw water of the WTP 1 are known toxin-producers showing highly elevated cell numbers perennially. While M. aeruginosa reached extremely high cell densities, toxin concentrations never exceeded 8.0 mg/l. Interestingly, the highest toxin levels were not found to coincide with the highest cell counts. In contrast, toxin levels increased at the beginning of the exponential growth phase, when M. aeruginosa appeared to compete with A. circinalis for the dominant position in the lake. After suppression of the competitor, MCs concentrations decreased to a non-detectable level (Fig. 1a -c) . This is in contrast to the situation with A. circinalis and the levels of PSP, where a strong correlation between PSP concentrations and cell densities was found. The competition between these two cyanobacterial species becomes obvious in Fig. 1a-c . This discussion assumes, that A. circinalis did not produce any MCs. Although 2 out of 24 French strains of A. circinalis were reported to synthesize MCs (Vezie et al., 1998) , no MCs production was found in Australian strains (Velzeboer et al., 2000) . In the case of M. aeruginosa there are two possible explanations for this phenomenon of varying MCconcentrations: (1) the species can switch toxin production on and off, depending on the situation given in the environment; (2) there are two or more strains of M. aeruginosa, 'toxin producers' and 'non-producers' present at the same time. Genetic heterogeneity is possible in cases of monospecific blooms as several studies have described toxic and non-toxic laboratory cultures of the same species, even when isolated from the same population (Carmichael and Gorham, 1977; Kangatharalingam and Priscu, 1993; . In another study the correlation factor between MC-LR and densities of M. aeruginosa only explained 38 -48% of the variation in concentrations of MC-LR, whereas 70% of the samples that contained no detectable MC-LR contained M. aeruginosa (.1000 cells/ml; Kotak et al., 1995) . Such a competitive mechanism is probable especially as possible ABC transport genes have been shown to co-locate to genes coding for toxin synthesis enzymes (Tillet et al., 2000) . Investigations of effects of cyanobacterial secondary metabolites to other cyanobacteria (Schlegel et al., 1998) , eukaryotic algae (Zakaria, 2002) , diatoms (Keating, 1978) and higher plants (MacKintosh et al., 1990 ) have shown allelopathic effects. However, while such transporters and/or receptors for these secondary metabolites are unknown, the question concerning this phenomenon cannot be answered yet satisfactorily. Park et al. (1998) reported high concentrations of MC during the exponential growth phase of the bloom and release of MC from cells during bloom senescence and decomposition. In contrast, A. circinalis produced toxin in correlation to cell density. The PSP concentrations were higher than the levels for MCs synthesized by Microcystis. Oh et al. (2001) found correlations of MC concentrations versus chlorophyll-a and cell density, respectively, in a Korean lake with dominant Microcystis and Anabaena. In contrast, but also in agreement with the present data, no correlation was observed with Microcystis or Anabaena densities. Cronberg et al. (1999) even reported the highest toxin production at very low cyanobacterial biomass. The fact, that cyanobacteria produce different amounts of toxins under different conditions and in different seasons are mentioned in the literature: indeed, found a ninefold increase of MCs/g DW of M. aeruginosa during 2 months and a remarkable doubling of the MC concentration of M. viridis collected within a 2-day interval. Other studies have explained the variations of toxin contents with solar radiation, water temperature, pH, primary production and oxygen saturation in the water (Wicks and Thiel, 1990) or with differences in the toxin production in the different growth phases and with seasonal changes in the predominant toxic or non-toxic species of Microcystis (Park et al., 1998) . Toxic and non-toxic strains within one field sample are well documented. Twelve different strains of Microcystis were isolated from one Microcystis bloom by Henning et al. (1997) , eight of which were toxic, four of them not. Briand et al. (2002) proposed in a case of a perennial population of P. agardhii in France, that non-toxic strains grow in winter, whereas toxic ones grow in spring and autumn. As another source for MCs, picocyanobacteria with a typical diameter of 0.2-2 mm appear in all environments including lakes, dams and drinking water reservoirs (Komárek, 1996) and exist in mixed communities with other planktic scum-forming cyanobacteria (Wilde and Cody, 1998) . These small cyanobacteria are difficult to see and to analyse, but are also able to produce MC or MC-like compounds (Bláha and Mařsálek, 1999) and may influence the concentration of MCs in water samples. An additional reason for the poor correlation between cell densities and measured toxins could be the kinetics of natural degradation of these two toxin groups. The pattern of PSP concentration shown in Fig. 1a and b could be interpreted as slow degradation. Degradation of PSPs seems to be a more chemically mediated process, and these toxins appear to be able to persist in the water body for more than 3 months (Jones and Negri, 1997) . In contrast, the most important degradation pathways for MCs are enzymatic mineralisation by bacterial degradation and degradation photosensitised by humic substances (Welker et al., 2001) . Because of the initial lag-phase in microbial activity and only low rates of photochemical degradation resulting from low radiation energy reaching and penetrating the surface, MCs can persist for days or even weeks. However, the presented data do not give any evidence that free MCs persist for longer periods in the investigated reservoirs. The water suppliers must eliminate potential harmful substances from the raw water in order to provide healthy drinking water for the population. MCs and PSPs elimination of 20 -60% and 10 -60%, respectively, after flocculation/filtration as observed in this study was comparable to data in the literature (Hitzfeld et al., 2000) . Cell-bound MCs decreased while extracellular toxin concentrations remained constant after flocculation and filtration. These findings are in accordance with results presented elsewhere: in these investigations, flocculation was effective in removing cells, but not in eliminating free MCs (James and Fawell, 1991; Rositano and Nicholson, 1994) and the concentration of other extra-cellular secondary metabolites remained constant after flocculation with aluminium sulphate (Velzeboer et al., 1995; Chow et al., 1999) or ferric chloride (Chow et al., 1998) . However, the concentrations of flocculants used during these experiments were clearly lower (up to 4.8 mg/l) compared to the situation in the water treatment plant investigated in this study (120 mg/l). Studies on the stability of cells during flocculation tend to be contradictory. No additional release could be observed in several studies (Velzeboer et al., 1995; Chow et al., 1999) . However, Drikas et al. (2001) tested the efficiency of a treatment train with flocculation (65 mg/l) and sand filtration to remove M. aeruginosa cells from raw water and found that these processes cause little damage to cells and release a minimal amount of toxin. In another study, flocculation and filtration resulted in an increase of extracellular toxin after experiments with M. aeruginosa and Planktothrix rubescens (Pietsch et al., 2002) . The researchers suggested turbulences in pipes and pressure gradients in the filter as reasons for the elevated extracellular toxin concentration. Experiments with cyanobacterial extracts resulted in toxin reduction by 11 -32% after Al-flocculation (36-79 mg/l), sand filtration and chlorination (Himberg et al., 1989) . Additional PAC (5 mg/l) improved the removal of MCs only to 13-34%. One possible explanation for the increase in extracellular toxin could be the degradation of cellular material occurring in the sunken sludge. This post-flocculation sludge and the cells remaining in the sand filter could explain the higher extracellular toxin concentrations after treatment in the daily routine of a water treatment plant. Thus, thorough removal of the sludge and timely backwashing of the filters are essential. In addition, the DOC content of the raw water is crucial for the success of the flocculation/filtration process (Clasen et al., 2000) . Thus, for the removal of cyanobacterial cells the percentage of removal cannot be estimated by laboratory investigations, because the raw water conditions in the individual water treatment plants are different. For elimination of PSPs during the treatment process, activated carbon in granular (GAC) or powdered form (PAC) was shown to be very effective (Newcombe et al., 2001) . Thus, in this water treatment plant the treatment with PAC is recommended when A. circinalis reaches or has reached high densities in order to adsorb the dissolved PSPs. In contrast to GAC, which is used as a filtration step and as a growing medium for biofilm building bacteria, PAC is added freshly to the water after the flocculation step and thus has the full adsorptive capacity of activated carbon. Although MCs could not be detected in tap water during a 1 year investigation, the high cell numbers of M. aeruginosa in tap water (up to 10 4 cells/ml) and detection of PSPs in final water give enough reason to improve the efficacy of the water treatment train. As a result of a the detection limits of 0.5 and 0.2 mg/l for PSPs (HPLC-FD) and MCs (HPLC-DAD with preconcentration), respectively, a contamination with lower concentrations of toxins cannot be excluded. The spot check investigations of final water with ELISA, PPA and HPLC provided concentrations near this detection limit. The efficacy of chlorine (0.5 mg/l) to destroy MCs and PSPs is doubtful (Hitzfeld et al., 2000) . Furthermore, intact cells could be destroyed by chlorine during storage and the intracellular toxin released into tap water. Mechanical pressure due to pumping of the water is also a potential cause for lysis of cyanobacterial cells during the passage from water treatment plants to households. The results have also shown that even if cell density is low in raw water, high cell numbers can still occur in final water tanks. This phenomenon could be explained by persisting high cell numbers in the final water reservoirs due to preceding periods with high cell densities in raw water (Lepistö et al., 1994) or by high cell numbers in the sand filter which may be washed out with the next water charge.
As expected, MCs could not be detected in WTP 2, because no MC-producing species grew at this time point in the water body. Although only 1.1 mg CYN/l was found in raw water, a weekly monitoring of the raw water source is recommended, as cell densities at the time point of the spotcheck were low compared to reported bloom events of C. raciborskii in this reservoir. C. raciborskii is, similar to P. rubescens in another climatic region, difficult to recognize from the surface because the population is distributed through the water column. To avoid other phytoplankton intake, many water treatment plants have set their water intake at a deeper layer. The well-equipped water treatment system at this dam eliminated more than 99% of the toxin during flocculation, sand filtration and chlorination. PAC was not added on the sample day. However, the treatment efficiency could be completely different with a higher cell number over a longer period.
Because of the low toxicity of the M. aeruginosa strains during the investigation, toxin concentrations exceeding the guideline value of 1.3 mg/l (NHMRZ/ARMCANZ, 2001) in tap water were not detected. The lack of correlation between cell densities and toxin concentration, especially for M. aeruginosa and MCs, is an important fact for water treatment plants. One-third of the raw water samples were contaminated with significant concentrations of cyanobacterial toxins. The risk of a break-through of toxin concentrations exceeding the Australian guidelines is possible. Thus, variations in cyanobacterial densities and toxin production (amount and kind of toxin) during the year show, that monitoring of phytoplankton and measuring of toxin concentrations during the treatment steps is crucial to allow production of safe drinking water.
